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Abstract

The US Magnuson-Stevens Fishery Conservation and Management Act mandates precautionary management to attain nea
maximum sustainable yield (MSY)-producing stock and exploitation levels on a long-term basis. Various biological reference
points (BRPs) have been suggested as surrogates for MSY-producing instantaneous fishing riggahitsr(d total stock
biomass (SSB{usy)), which are largely derived from finfish biological and fisheries characteristics, for poorly understood
stocks. BRP estimation for some crab fisheries has been complicated by the fact that only males are harvested and that recruit-
ment, in many instances, is largely driven by environmental factors rather than density-dependent responses. For managing
Bering Sea and Aleutian Islands crab stocks, instantaneous natural moiglity sed as a proxy fdfysy, and mean
annual total mature stock biomass during 1983—-1997 is used foifygB). In this paper, harvest rate- and biomass-based
BRPs were determined using crab-specific parameters for Bristol Bay red kingRenalithodes camtschaticusEffective
spawning stock biomass-per-recruit for combined sexes was estimated by length-based analysis and used in conjunction with
Beverton—Holt and Ricker stock—recruit (S—R) models for various parametric values to explore the trends in MSY-producing
legal male harvest rate at the time of the fishdffF{1sy)), as a proportion of stock harvested; 19®@f (Fusy/M) ratio;
and total mature stock biomass ratio SBR¢y)/SSB(0), where SSB(0) was the virgin total mature stock biomass. The
Fumsy exceededM for most cases. For a plausible S—R shape paramgtearfge= 0.3-05, M = 0.3, handling mortality
proportion= 0.2, and instantaneous bycatch mortakty0.01; the SSBfusy) ranged from 58 to 74% of SSB(0) for the
mating ratio 1:1, and 40-55% of SSB(0) for the mating ratio 1:3. Efigysy) ranged 16—-35% for the mating ratio 1:1,
and 40-79% for the mating ratio 1:3. TEB¢Fusy) was more sensitive to mating ratio and handling mortality than bycatch
mortality. Considering the uncertainty in stock parameters and recruitment, a precautionary legal male target harvest rate
below 18% was suggested to rebuild the stock equal to or above 66% of the pristine total mature biomass.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction for managing the stock. It can be derived by quan-
titative analysis or assigned an arbitrary value and

A biological reference point (BRP) is a conven- is often specified without variancdgkobsen, 1992,

tional value of fishing mortalityR) or stock biomass =~ Caddy and Mahon, 1995; Quinn and Deriso, 1999
(B) defined on the basis of biological parameters and For a number of fish and invertebrate stocks, either
the characteristics of which are thought to be useful the pertinent data are lacking or analyses are unfea-
sible for determining optimal harvest strategies that

T Tel.: 11-907-465-6107: fax:1-907-465-2604. will lead to long-term maximum sustainable yield

E-mail addressshareefsiddeek@fishgame.state.ak.us (MSY). Biological reference points that require lim-
(M.S.M. Siddeek). ited data or analysis or that can be borrowed from

0165-7836/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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parameters in the weight-length model

average effective spawning biomasses (adjusted for male to female mating
ratio) in a cohort corresponding to a fishing mortakyfor legal males) and

F = 0 (for females or sublegal males) in yaarespectively

constant annual instantaneous bycatch mortality

sum of catches in all size groups of legal males in a cohort in number

corresponding to a fishing mortalify in yeart

sum ofc(F); through the fishery life span (i.e., stock catch in number), ftom

toA

upper and lower size limits, respectively, of a length-clafes mean weight at

size calculation

base of natural logarithms

exploitation rate of legal males at the time of the fishery corresponding to a

fishing mortalityFysy

effective total (males plus females) spawning stock biomasses (adjusted
for male to female mating ratio) corresponding to a fishing mori&lfyysy

and F = 0, respectively

effective total spawning stock biomass-per-recruit corresponding to a fishing
mortality F and F = 0, respectively

effective total spawning stock biomass-per-recruit determined as the reciprodal

of the slope at the origin of the stock—recruitment (S—-R) curve

constant instantaneous fishing mortality for a biological year

constant instantaneous fishing mortality that will produce MSY at the
MSY-producing biomass

sum of average effective spawning biomass of mature female crab over an avera
fishery life span (i.e., effective spawning stock biomass of females) correspondif
to a zero (direct) fishing mortality on females

sum of average mature female crab abundances in number over an average fis
life span (i.e., mature female stock abundance) corresponding to a zero fishi
mortality

parameters in the logistic moulting probability model

guideline harvest level

proportion of sublegal males and females died due to capture and release to
(i.e., mortality due to handling of sublegal male and all female crabs)
constant annual instantaneous handling mortality (defined as a functiowittf

h and sublegal catchability as parameter&ppendix B

size interval index for recruit and post-recruit male crabs for catch estimation
mean ofx

lower and upper limits, respectively, of a receiving length intetvédr Py ;
estimation

molting probability in a length-clads(estimation method using a logistic model
is described imMppendix B

constant annual instantaneous natural mortality

sum of average effective spawning biomass of mature legal and sublegal ma
crab over an average fishery life span (i.e., effective spawning stock biomass
males) corresponding to a fishing mortalifyon legal males

age
g

nery
ng

sea

ale
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MSSNEF)

MSST

n

N(F);,, and N(0);,,

N(F); and N (0),

Py

R(F), R(FMsy) and R(O)

Rmax

S

SSBF), SSBEwsy),

and SSB(0)

t

W(Fmsy) and W(O)

W
X
X

Y(F);

Y(F)
Zysy

Greek letters

a, B, y, ando
1)

T

sum of average mature legal and sublegal male crab abundances in number
over an average fishery life span (i.e., mature male stock abundance)
corresponding to a fishing mortalify on legal males

minimum total spawning stock biomass, equivalent to a half of MSY-producing
biomass

total number of length intervals available in a cohort fpr; estimation
abundances in numbers in a length-claska cohort corresponding to a fishing
mortality F (for legal males) and” = 0 (for females or sublegal males) in year
t, respectively

average abundances in numbers in a cohort corresponding to a fishing mortali
F (for legal males) andF = 0 (for females or sublegal males) in ye@r
respectively

probability of crabs in a length groupgrowing into a length group(estimation
method using a normal probability model is describedppendix B

numbers of recruits to male pre-recruit 1 and female class 1 size groups produced

by ESBF), ESBFmsy) and ESB(0), respectively

asymptotic (maximum) recruitment, set to 2000 for per-recruit analysis

standard deviation of

nominal (unadjusted for male to female mating ratio) total mature stock
biomass corresponding to a fishing mort#ljtFmsy, and F = 0 on legal males,

respectively

relative age at recruitment in year

average time elapsed between the mid survey date (stock enumeration date; i.

start of a biological year) and start date of a fishing period as a fraction of a year

mean weights of individuals in the MSY-producing biomass and virgin biomass,

respectively

mean weight of crabs in a length-cldss

a normal random variable representing the annual growth increment
ESBFmsy)/ESB(0) ratio

sum of catches in all size groups of legal males in a cohort in weight correspondi
to a fishing mortalityF in yeart

sum ofy(F),; through the fishery life span (i.e., stock catch in weight), fitpito 1
Fusy + M, constant instantaneous total mortality

parameters in the S—R models

Ly

e.,

duration of average fishing period as a fraction of a year (handling and fishing

mortality occur during this time period, heneiM and annual fishing mortality
values are scaled to this period)

relative maximum age of a cohort in year

a parameter (Tau) estimated from a spawning biomass-per-recruit ratio, wh
influences the steepness near the origin and overall shape of the S-R cu
referred to as the S—-R shape parameter in this papeMaoce (1994)nhamed

it as the extinction parameter)

mid length of a providing length intervéll for Py ; estimation

rve,
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a similar population have been utilised to formulate solely responsible for recruit production (Justification
sustainable harvest policies for these stocks. For ex- for this definition is given inSection 2.2. Thus, a
ample, because of inadequate data or limited analysis, crab-specific mating characteristic is incorporated in
fisheries management plans developed under the USthe method. The other purpose of this paper is to
Magnuson—Stevens Fisheries Conservation and Man-highlight the shortcoming df1 as a default proxy for
agement Act for a number of commercially important Fysy.
crab stocks in the Bering Sea and Aleutian Islands  Maintaining F at the M value is believed to pro-
(BSAI) consider natural mortalityM) to be equal to duce yields near MSYAlverson and Pereyra, 1969;
MSY -producing fishing mortalityfpmsy). The spawn- Gulland, 197). Hence,M has been used as a de-
ing stock biomass-producing MSY (S3B({sy)) is fault proxy for Fysy. The shortcomings of this
determined as the 1983-1997 average of the annualapproach have been addressed by a number of scien-
total stock biomass of mature male and female crabs tists (Francis, 1974; Deriso, 1982; Thompson, 1992
estimated by annual resource assessment surveys-rancis (1974) considering the logistic production
(NPFMC, 1999. model, showed thafyisy = M only under very lim-
The BRPs for BSAI crab stocks are directly bor- ited conditions. The~ysy could be higher or lower
rowed from groundfish management plans without thanM depending on whether the maximum number
considering differences in growth, reproductive be- of recruits was lower or higher than that Bsy.
haviour and fisheries characteristics between crab andDeriso (1982) using a delay-difference population
groundfish stocks, which may result in different BRP model, concluded that MSY exploitation fraction was
levels (of threshold biomass and exploitation rate) less thanM for a range of population growth values.
between the two groups. Although crab-specific life Thompson (1992)considering a family of dynamic
history characteristics may warrant different types pool models and certain stock—recruitment (S—-R) and
of BRPs, specific biological information required weight-at-age relationships, argued tiaisy could
to quantify those BRPs at a broader stock level for be higher or lower thaiM depending on the shape of
monitoring purpose is either currently not available the S—R curve. In this paper, the relationship between
or data are very limited for most crab stocks. For ex- Fysy and M as discussed byrancis (1974)and
ample, sperm limitation may have a greater effect on Thompson (1992)vas further explored under general
recruit production than does mature biomass in some biomass growth and mortality conditions, aRgisy
Canadian east coast snow cr&hionoecetes opiljo was derived as a function & for application to any
stocks, but there is a difficulty in quantifying this finfish or shellfish stock that follows tH&everton and
characteristic at a stock level for monitoring purposes Holt (1957)dynamic pool model.
(Bernard Sainte-Marie, Crustacean Section, Fisheries To demonstrate the BRP estimation methods using
and Oceans Canada, Quebec, Canada G5H 3Z4; percrab-specific biological and fisheries characteristics,
sonal communication). The two groundfish-based published biological and fisheries parameters of Bris-
BRPs, a threshold exploitation rate and a threshold tol Bay red king crabRaralithodes camtschaticysa
biomass, have been used in the BSAI crab manage-reasonably well-studied stock in the Bering Sea, were
ment for sometime because the first is determinable used in computer simulations to explore trends in vari-
from biological and fisheries information while the ous BRPs—MSY-producing fishing mortality, harvest
second is estimable from annual resources surveyrate and mature stock biomass.
(Stevens et al., 20003,bHowever, they have not
been estimated by rigorous analyses. Thus, the pri-
mary purpose of this paper is to develop methods to 2. Methods and materials
estimate the two BRPs using crab-specific growth,
mortality and reproductive characteristics. In partic- 2.1. Rusy to M relationship
ular, an effective total spawning stock biomass is
defined, which is either a whole or part of female plus ~ The exact formulation of th&ysy to M relation-
male mature stock biomass estimated by adjusting for ship (modified fromFrancis (1974)and Thompson
male to female mating ratio, and it is assumed to be (1992) Appendix A under general biomass growth
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and cohort decline models is given below. This is
a general formula applicable to any finfish or shell-
fish stock that satisfies the assumptions listed in
Appendix A

Foreo W(Fusy) R(Fysy)(1—e~Zusy (=) A
MSY= XWO)R(0)(1—e-MG—1)y

)

The Fpmsy can be estimated in terms & by solv-
ing the nonlinear equation (1) for given values of
R(Fmsy)/R(0), W(Fmsy)/W(0), andX ratios; ., andt;.
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size, but mature) and 1000 females at class 1 size (one
growth increment below the class 2 size, but mature)
to estimate (ESH) » to generate recruit numbers (i.e.,
number of pre-recruit 1 males and class 1 females)
through an S—R model and then to estimate legal male
yield from those recruits. The fishery selectively target
on male component of the stock, but there are known
fishery impacts related to handling mortality on the
sublegal males and females. The females, which were
not retained in the catch, were labelled as class 1 and
class 2 size categories. The Bristol Bay red king crab
size categories used in the simulations are described

For data-poor and less-investigated stocks, plausiblein Section 2.3

values of those parameters are hard to obtain. On the

other hand, with limited biological information, the

In this paper, an effective total (combined sexes)
spawning stock biomass was computed to generate

length-based per-recruit model can be used to explorerecruits. This is a modification from that &heng

the trends in BRPs for various mortality and recruit-

et al. (1995a,bwho considered the female compo-

ment parametric values and to restrict the results to nent of the stock adjusted for male spawning potential

plausible ranges. The length-based simulation proce-

dure is described in the next section.

2.2. Rusy, E(Fusy), and SSB(fisy)/SSB(0)
determination

Mace (1994)derived a set of formulas based
on spawning stock biomass-per-recruit to investi-
gate the trends in various BRPs, includifigsy
and SSBFEusy), for finfish types of stock param-
eters underBeverton and Holt (1957gand Ricker
(1954) S-R models. This procedure was extended to
the Bristol Bay red king crab stock to explore the
trends in E(Fysy), which is a function ofFysy,
log10(Fmsy/M) and SSBFmsy)/SSB(0) ratio for dif-
ferent mortality values, male:female mating ratio, and
S—R relationships.

The E(Fmsy) formula modified from Gulland
(1983)is as follows:

Fyvsy
E(Fvsy) = ( )
Fusy + (M + BYM)S
x (1— e—(FMSY+(M+BYND5))

)

as the ESHY) for red king crab S—R modelling. The
ESBEF) definition as effective total spawning stock
biomass has some merits for one or more of the fol-
lowing reasons: (1Paul and Paul (1997jrom a lab-
oratory study, found that most male red king crabs
>140mm CL could fertilise three mates during the
brief period when most multiparous females breed.
Sperm limitation appears to limit recruit production
in some crab species (e.g., some snow crab stocks in
the east coast of Canada (see Bernard Sainte-Marie’s
personal communication fBection . Thus, since the
amount of sperm passed by mating males has a di-
rect relationship with the amount of fertilised eggs,
it is prudent to consider the mating ratio and include
the male spawning biomass in the effective spawn-
ing biomass calculation. (2) A number of red king
crab researchers have considered the option of includ-
ing males in their S—R models (e.d4atulich et al.,
1990; Greenberg et al., 1991Greenberg et al. ob-
tained the best S—R fit when males were included. (3)
Bristol Bay red king crab mature female abundance es-
timates have larger errors compared to those of males
(e.g., seeStevens et al., 2000b; Rugolo et al., 2p01
consequently, relying only on the female component

The length-based method was used to simulate may introduce large errors in the ESB(estimates

(ESBR) for recruit and then yield predictions with
the published Bristol Bay red king crab biological
and fisheries parameters as follows.

The simulation was initiated with 1000 males at
pre-recruit 1 size (one growth increment below recruit

and hence management decisions. (4) Although dif-
ferent spawning biomass definitions (females, males,
females plus males) are likely to change the param-
eters of a given S—R model, the overall goodness of
fit of the model may not differ much. For example,
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Zheng et al. (1995ajonsidered alternative spawning Mace (1994 provided the extinction (or S—R shape)
indices (total females and total males plus females) parameterz, as

and foundr? to be close among the S—R fits. (5) Fish- (ESB/R)EsB-o

ing mortality affects both components of the stock, T = m (%)

directly in the case of legal males and indirectly in
the case of sublegal males and all females. Varia- (ESB/R)Ese-o equals tax for the Beverton and Holt

tion in the sex ratio at different fishing mortality lev- S—R model and 1/ for the Ricker stock—recruitment

els may also affect recruitment, in particular when MCdel- Therefore, for the Beverton and Holt S-R
there are limitations on the number of mating males model:

and the amount of sperm to fertilise sufficient num- ,, — ; <§3) , (6)
ber of eggs for successful recruitment. The per-recruit R Jr—o

analysis presented in this paper accounted for the ef- gng

fect of varied sex ratio in determining ESB( by 1

(ESBR) . Y= UESB/R) ro @

The male crabs in each of pre-recruit 1 size inter- . .

vals may remain in the same size interval, or grow to for. the Ricker S-R madel. Thus, for a glvelnand.

the higher size intervals as a result of annual moult & fixed Rmax, aI_I parameters of t_he S-R relationships

followed by growth. Male crabs in any size interval @" be determined from an estimate(BSB/ R) r—o.

will remain in the same size interval next year, if they The_sl_ope of the Beverton and_HoIt S-R curve near the

skip moult or moult with insufficient growth to move ~ ©M9!N1S 1‘6‘ and that of Rlck_er ly; therefore, near the

into a larger size interval. All female crabs were as- 2M9in. 7 IS inversely proportional to the slope for both

sumed to moult annuallyZheng et al., 1995a so, tYF’eS of S-R curves. Hence, b)_/ varying thealue,
different steepness (near the origin) and shape of the

female crabs in any size interval will remain in the be obtained. The bioloaical sianifi
same size interval next year, if they moult with insuf- S—R_curve canbeo talne_ T € biological sighicance
of t is that, at low spawning biomass levels, the drop

ficient growth to move into a larger size interval. The . ) X o !
abundances in each size interval are also affected byln recruitment with decrease in biomass (i.e., the rate
of decline of recruitment) is much steeper whenthe

annual mortality. lue i ller f K
The length-based models used to capture these V&€ IS Smaller or'ast?]c ' 4 vari
growth and mortality characteristics are described in For BRP estimation, th&(F), ESBF), an various
proportions for the two S—R models were estimated

Appendix B It provides steps to calculate ESB( X . :
and (ESBR)r, which were the basis of harvest rate- from (ESBR)- for a fixed growth matrix and varying

and total mature biomass-based BRP estimation. Both |€VElS of mortality parameterable 1provides those
BRPs are determinable with limited biological and €Stimation formulas. , _
fisheries data and resources survey informaffog. 1 To estimate the catcti(F) estimated from either

provides a flow chart showing analysis steps to derive Eas. (8) or (9)in Table 1was equally divided into
various BRPS. pre-recruit 1 males and class 1 females, and legal male

Recruitment was modelled using the following Catch €(F): andy(F),) during a biological year was
two well-known stock—recruitment model&d. (3) generated from only male recruits of the cohort using

Beverton and Holt (1957)Eq. (4) Ricker (1954): the following equations:
10
F
ESB(P) (P =( ) SN,

RF)=——"2 3 t it

(F) o T PESBA 3 F + (M +BYM)S =

—MT 1 _ o= (F+(M+BYMS)

R(F) = y ESB(P) e VESED (4) xeane : (19

10
F
The Rnax for Beverton and Holt S-R relationship is y(F)i = (F + (M + BYI\/DS) ZN(F)j/>TWl/
1/8, and that for Ricker S—R relationship jse~1/6. j=4

The Rmax Was set at 2000. x e MT(1 — g~ (FH(M+BYM3)) (17)
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Pre-recruit 1 males (1000) and Class 1 females (1000)

A 4

Pre-recruit 1 males (R(F)/2) and Class 1 females (R(F)/2)

Esti

rec

using (ESB/R): in a stock-

Rmax and a systematically varying
S-R shape parameter TAU (7)

(HM)

1. Use a fixed growth matrix
2. Systematically increase natural
—— mortality (M) and bycatch mortality (BYM)
3. Systematically increase fishing mortality (F)
and estimate corresponding handling mortality

imate number of recruits (R(F))

ruitment (S-R) model for a fixed

Estimate legal male catch by length from
abundance, and fishing and other mortality; sum
over length for year t; and sum over t for an
average fishery life span to get a total yield,
Y(F), from the stock

\4

1. Estimate abundance by length and sex,
sum over length separately for each sex for
year t, and sum over t for an average fishery
life span

(fr
Sp

total recruit number to get an effective total spawnin

-
Q

S

2. Adjust the final sum of mature stock biomass

m 1) by mating ratio for each sex to get an effective
wning stock biomass by sex, add both, and divide b

ick biomass-per-recruit, (ESB/R)-

3. Add the unadjusted mature stock biomass of both
sexes (from 1) to get a nominal total mature stock
biomass, SSB(F)

Fig. 1. Flow chart of steps to determine harvest rate and biomass-based biological reference points by the length-based per-recruit model

(seeAppendix Bfor the formulae).

The total legal male catchC(F) and Y(F)) for the
average fishery life span of the cohort was obtaine

by

A
C(F) =) e(P);

t=ty

TheFysy for a given set of growth and other mortality
(18) parameters (natural mortality, sublegal crab handling
mortality, and bycatch mortality) was determined by

Select Fysy corresponding to
the fishing mortality that

produces the highest total
yield for the stock

A

Estimate final BRPs, harvest
rate (E(Fusy)), 10G10(Fusr/M),
and SSB(Fusy)/SSB(0), for a

Fusy determined at a given

set of 7, M, BYM, and mating

ratio

A
d Y(F) =Y y(F)y

433

(19)
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Table 1
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Formulas to estimat&(F), ESBF) and various proportions from (ESBr for BRP determinatioh

Beverton and Holt S—-R model

Ricker S—R model

R(F) = % ©®
ESB(F) = % 4o
_ ((ESB/R)r—riysy — @) 12)
((ESB/R) =0 — @)
R(Fusy) _ ((ESB/R)r—pysy — @)(ESB/R) r—o (14)

RO~ ((ESB/R)r—o — @)(ESB/R)r=rysy

_ N(ESB/R)r)
R = = Esemy, ©
_ NGAESB/R) r=rysy) (13)
IN(/(ESB/R) r=0)
R(Fvsy) _ IN(Y(ESB/R)F=rysy) (ESB/R) F=0 (15)

RO IN(/(ESB/R)r=0)(ESB/R) r=rysy

aThe formulas are listed separately for Beverton and Holt, and Ricker stock—recruitment (S—-R) models:):(EEB(tive total
spawning stock biomass corresponding to a fishing mort&litiR(F): number of recruits produced by ESB( (ESBR)r: effective total
spawning stock biomass-per-recruit corresponding;tévsy: MSY-producing fishing mortalityy, B, y, 6: parameters of S—R models).

systematically searching for a maximuw{F) over

F from 0.01 to 10 in 0.01 increments. The mean
crab weight atFpysy, W(Fusy), was determined by
Y(F)/C(F) at Fysy. The W(0) was determined &t
closer to zero (0.01). Th&(Fusy) was determined
usingEg. (2)at Fusy.

and Kruse (1998)Zheng et al. (1995aand Kruse

et al. (2000) the pre-recruit 1 crabs were those in
the 120-134 mm CL size range (three 5mm size in-
tervals); recruit and post-recruit crabs were in the
135-169 mm CL size range (seven 5mm size inter-
vals). Pre-recruit 1 crabs were approximately one

The biomass-based BRP was determined in terms moult growth increment smaller than the recruits

of nominal SSBF) because it could be related to

and were matureRaul and Paul, 1990; Zheng et al.,

survey estimates of biomass for monitoring purposes. 1995a; Kruse et al., 2000The mature female size

The SSBF) was estimated as the sum of male and range was arbitrarily divided into two classes: class 1,
female total mean spawning stock biomass gener- 90-99 mm CL (two 5 mm size intervals); and class 2,
ated from 1000 pre-recruit 1 male and 1000 class 100—-139 mm CL (eight 5 mm size intervals). Approxi-

1 female crabs without adjusting for mating ratio.
It was calculated usindegs. (B.16)-(B.21)ignoring
the “effective MSSNE)/MSSNEF)” and “effective
FSSN(0)/FSSN(0)” terms. Thus, this SHB(was

mately 50% of females mature by 89 mm CL and 80%

by 95 mm CL Qtto et al., 199) therefore, 90 mm CL

was chosen as the knife-edge female maturity length.
The male-only crab fishery management strategy

the unconstrained (or nominal) total mature stock requires any female catch to be immediately returned

biomass, part or whole of which produc&{F) for
Y(F) estimation.

The simulations were performed by VBA pro-
gramming Walkenbach, 1999 The E(Fmsy),
logi0(Fmsy/M), and SSBEusy)/SSB(0) were plotted
againstr for various plausible combinations df, h,
andBYM The Fysy/M ratio was expressed in lag

to sea. Thus, the male pre-recruit 1 stage and the two
classes of females suffer&l HM andBYM whereas,
male fishery recruit and post-recruit stages suffered
F, M andBYM For simplicity, these parameters were
kept constant and equal among all stages, but varied
to different levels at each simulation. The parame-
ters required for the length-based analysis are listed in

form to be comparable with other BRPs in the figures Table 2

because this ratio exceeded 1 in most cases.

2.3. Bristol Bay red king crab biological and
fisheries parameters used in the simulations

The Bristol Bay red king crab sizes (in mm CL)
were grouped into 5mm intervals. Followir@ollie

The T was varied from 0.05 to 0.75 by 0.05 incre-
ments to provide varied steepness near the origin and
overall shape to the two S—R curves. A narrow range
of 0.05-0.5 was adequate for crabs because it covered
values from a high compensation level of 0.05 (sur-
vival at low stock sizes approximately 20 times that
at the virgin size) to a low compensation level of 0.5
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Table 2
Bristol Bay red king crab parameter values used in the simuldtions

Parameter Male Female Remarks

Gr_owth increment modelHq. (B.8)

1 16.0mm CL 4.0mm CL Weber and Miyahara (196Zpr males,Gray (1963)for females
s 2.4mm CL 0.6 mm CL Assumed 15% CV
Molt probability model Eq. (B.9)
g 295159.6 Medium growth period (1985-199Zheng et al. (1995b)
d 0.089
Molt probability 1.0 Zheng et al. (1995a)
Weight-length model (g mm CL)Eg. (B.23)
a 0.0003614 0.02286 Balsiger (1974)or males,Zheng et al. (1995ajor females
b 3.16 2.234

aCV: coefficient of variation; CL: carapace length.

(survival at low stock sizes about twice that at the vir- sidered for the simulations took care of this value as
gin size). The complex mating behaviour, the success well. TheHM was related to legal crab (Eq. (B.7)

of which depends on the sex ratio, distribution and size with the assumption that the catchability of sublegal
differences Kruse, 1993; Zheng et al., 1995and crabs was half of that of the legal cral&héng et al.,
prolonged poor recruitment of many Alaskan crabs 19973 and there was 20% mortality (dnof 0.2) on
suggests that value would fall at higher values of captured and subsequently released sublegal male and
this narrow range. Although values above 0.5 are female crabsKruse et al., 2000 Theh was varied at
possible, they are likely to be rare because for those two levels, 0 and 0.2, to obtain 0 and 20% mortality
values the survival at low stock levels would approach due to handling, which was converted to an instanta-
or go below that at the virgin size, which is very un- neous handling mortalityiM, usingEqg. (B.7) The
likely under normal environmental conditions. Note BYMwas also varied at two levels, 0 and 0.01. Based
thatMace (1994)dentified the 0.05-0.5 range as suit- on 1994-1999 bycatch weighted (by stock size) aver-

able for many fish populations. age harvest rates from all fisheriééRFMC, 2000, a
The male to female mean mating ratio was set at maximumBYM of 0.01 was estimated.
1:1, 1:2 and 1:3. Based on a laboratory stiRhul and The actual size distributions of pre-recruit 1 males

Paul (1997kuggested a likely average mating ratio of and class 1 females are not well known. Therefore,
one legal-sized male to three multiparous females for the initial number of individuals (i.e., total pre-recruit
population modelling purposes. An earlier laboratory 1 and class 1 crabs) was equally distributed among
study by the same authors suggested lower mating ra-the 5mm CL size intervals within each stage. How-
tios for smaller sized maledéul and Paul, 1990 ever, the subsequent growth increment at each moult
Thus, the average ratios considered here would ade-was assumed to be normal with a constant mean and a
quately capture the size-specific variation in mating standard deviationT@ble 2 to determine growth pro-
ratios of red king crabs. portion (Py ;). There was no unique age for the ini-
The M was varied from 0.2 to 0.4 by 0.1 incre- tial stage because it was comprised of various ages
ments. The BSAI crab fisheries management guide- depending on individual growth historieStévens,
lines NPFMC, 1999 specified arM of 0.2 for king 1990. Hence, a relative age of zerg & 0) for the
crabs. This was based on the maximum life expectancy entire size range of pre-recruit 1 and class 1 was as-
of king crabs, which could range from 21 to 24 years sumed and kept track of the male and female cohorts
(Matsuura and Takeshita, 1990; Stevens et al., 2000a for 10 years{ = 10). Bristol Bay red king crab recruit
However, in recent studies, &hof 0.3 has been con-  to the fishery 7-12 years after hatchingise et al.,
sidered appropriate for the male Bristol Bay red king 2000 and females of average size 97 mm CL were
crab stock Kruse et al., 2000 The M range con- about 6 years oldzheng et al., 1995aTherefore, a
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reasonable guess for the minimum age of pre-recruit 1 curves thaBYM/(compareFigs. 2—3. As t increased,
males and class 1 females would be 6 years. So, afterthe SSBFysy)/SSB(0) ratio steadily increased from
10 years, the cohort age would be 16 years at the min-0.37 to 0.9 with a median of 0.53 for all combina-
imum. Although the maximum life expectancy of red tions of mortality and mating ratioTéble 3. Fig. 4
king crab is over 20 years, very few crabs live longer depicts the trends in BRP ratios for more likely val-
than 15 yearsAlverson, 1980; Kruse et al., 2000 ues of handling mortality { = 0.2) and bycatch
Hence tracking the cohort for 10 years for BRP esti- mortality BYM = 0.01). For most likely values of
mation is reasonable. M = 03,h = 02,BYM = 0.01, andt range =

The mean estimate of for the 1996-2000 fish-  0.3-05, the median SSB{sy)/SSB(0) ratios were
ing seasonsADF&G, 2001) was 0.0121 year. The 0.69 and 0.5 for the mating ratios 1:1 and 1:3, re-
mean value ofT for the 1995-1999 fishing seasons spectively Table 3. Thus, the median total mature
was 0.3836 year (various AFSC processed reports by stock biomass at the MSY-producing level was about
NMFS, Kodiak). Thes was used in generating both  50-69% of the virgin biomass. For the same scenatrio,
abundance and catch from males, whefBags used  the medianE(Fmsy) values were 0.21 and 0.50 for
only to generate male catch. mating ratios 1:1 and 1:3, respectivellaple 3.

3.2.2. Ricker S—R model

3. Results The trends in logy(Fmsy/M), E(Fmsy), and
SSBFmsy)/SSB(0) with increasingr were similar
3.1. Rusy to M relationship to that observed under the Beverton and Holt S-R

model except those for the first two at smaNalues

Fmsy is equal tavl when the terms inside the brack-  (Figs. 5—7. For most case&ysy converged below the
ets on the right-hand side d&q. (1) reduce to one  maximumF = 10 set for the search. However, when
for some input values. This occurred only for limited mating ratio> 1:1, the logo(Fmsy/M) and E(Fmsy)
cases for the Bristol Bay red king crab stock consid- curves flattened at lowvalues for all combinations of
ered in this paper (sekigs. 2—73. Eq. (1) was also HM andBYMasM and mating ratio increased because
used to confirm thé-ysy estimates obtained by the Y(F) was ever increasing and the search converged to
systematic search method. This was possible because¢he maximunt value (henc&(Fysy) reached nearly
R(Fmsy)/R(0), W(Fmsy)/W(0) and X ratios could be 1) (Figs. 5-3. The SSBFmsy)/SSB(0) declined
determined atmsy during the simulation process. initially and steadily increased as increased. The
Eq. (1) was solved forFysy by a nonlinear method  logio(Fmsy/M) and E(Fysy) decreases were sharp
using the EXCEL2000 solver routine. TRgsy esti- at highert values. TheFysy exceededM for most
mates obtained biqg. (1)and the search method were of the scenarios except the 1:1 mating ratio. Even at
close, confirming that the search method produced ac- that ratio,Fysy was equal to or less thav only at

ceptable values dfysy. 7 values exceeding 0.4. The S$R(sy)/SSB(0) ratio
ranged from 0.27 to 0.89 with a median of 0.51 for all
3.2. Rusy, E(Fusy), and SSB(Rsy)/SSB(0) combinations of mortality and mating ratidgble 3.
determination The large SSH{umsy)/SSB(0) ratios occurred at
higher t values, which were very unlikely for the
3.2.1. Beverton and Holt S—R model Bristol Bay red king crab stock. The handling mor-
The logo(Fmsy/M) and E(Fmsy) steadily de- tality had more influence on the decline of the curves

creased with increasing (Figs. 2—4. The Fysy than the bycatch mortality={gs. 5-7. For the more
exceededM for most of the scenarios except the 1:1 likely scenarioM = 0.3, h = 0.2, BYM= 0.01 andt
mating ratio Figs. 2—4. Even at that ratioFmsy range= 0.3-05, the median SSB{sy)/SSB(0) val-
was equal to or less thall only at highert val- ues were 0.66 and 0.46 at mating ratios 1:1 and 1:3,
ues, exceeding 0.35. ThHeysy converged below the  respectively Table 3; thus, the median total mature
maximum F = 10 set for the search. The handling stock biomass at the MSY-producing level was about
mortality had more influence on the trends of the 46—66% of the virgin biomass. Under the same set
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Fig. 2. Effects of various combinations &, mating ratio and Taut} on estimates of equilibrium lag(Fmsy/M) (solid line), E(Fusy)

(solid line) and SSH{msy)/SSB(0) (dotted line) for Bristol Bay red king crab for the Beverton and Holt S—-R model under no handling

(h = 0) and bycatchBYM= 0) mortality.
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Fig. 3. Effects of various combinations M, mating ratio and Tauz] on estimates of equilibrium lag(Fmsy/M) (solid line), E(Fmsy)
(solid line), and SSB{usy)/SSB(0) (dotted line) for Bristol Bay red king crab for the Beverton and Holt S—-R model under a plausible
fixed value of handling mortality(= 0.2), but no bycatch mortalityBYM = 0).
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Fig. 5. Effects of various combinations M, mating ratio and Tauz] on estimates of equilibrium lag(Fmsy/M) (solid line), E(Fmsy)
(solid line) and SSHfusy)/SSB(0) (dotted line) for Bristol Bay red king crab for the Ricker S—-R model under no handliag0) and
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(solid line) and SSB{msy)/SSB(0) (dotted line) for Bristol Bay red king crab for the Ricker S—-R model under a plausible fixed value of
handling mortality £ = 0.2), but no bycatch mortalityBYM = 0).
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Fig. 7. Effects of various combinations &, mating ratio and Taut] on estimates of equilibrium lag(Fmsy/M) (solid line), E(Fusy)
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handling ¢ = 0.2) and bycatchBYM= 0.01) mortality.



Table 3

Estimates of maximum sustainable yield (MSY)-producing total mature biomass as a proportion of virgin total mature biomdsgs(¥SBB(0)) and MSY-producing
legal male harvest rate at the time of the fishe{Fusy)) for Beverton and Holt, and Ricker stock—recruitment (S—R) models for Bristol Bay red king crab

Input parameter range

Estimated biological reference points

Saldysid /393ppIS ‘N'S'IN

Mortality Mating ratio T Beverton and Holt S-R Ricker S-R

Range Median Range Median
M =0.2,0.3,0.4;h =0,0.2; BYM= 0, 0.01 1:1; 1:2; 1:3 0.05-0.75 SSBysy)/SSB(0), E(Fusy) 0.37-0.90, 0.04-1.00 0.53, 0.46 0.27-0.89, 0.05-1.00 0.51, 0.5@
M =0.2,03;h =02;BYM=0.01 1:1; 1:2; 1:3 0.3-0.5 SSB(1sy)/SSB(0) E(Fmsy) 0.46-0.75, 0.11-0.77 0.54, 0.39 0.40-0.73, 0.13-0.97 0.51, 0.43
M =0.3;h=02,BYM=0.01 1:1; 1:2; 1:3 0.3-0.5 SSB(isy)/SSB(0), E(Fmsy) 0.46-0.74, 0.16-0.60 0.54, 0.43 0.40-0.73, 0.17-0.79 0.50, 0.58
M =0.3;h =0.2;BYM=0.01 1:1 0.3-0.5 SSB{usy)/SSB(0), E(Fusy) 0.63-0.74, 0.16-0.28 0.69, 0.21 0.58-0.73, 0.17-0.35 0.66, 0.2%
M =0.3;h=02,BYM=0.01 1:3 0.3-0.5 SSBusy)/SSB(0), E(Fumsy) 0.46-0.55, 0.40-0.60 0.50, 0.50 0.40-0.52, 0.46-0.79 0.46, 0.68

aM: annual instantaneous natural mortality; handling mortality proportion of sublegal males and all females caught by fishing and rel@&édannual instantaneous bycatch mortality.
Mating ratio: number of females mated by one male in one spawning occasi@xtinction parameter defining the steepness near the origin and overall shape of the S-R curve.

TSh—12v (€002)

19174%
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of conditions, the media&(Fusy) values were 0.24
and 0.60 at mating ratios 1:1 and 1:3, respectively
(Table 3.

In summary, for both types of S—-R models, higher
mating ratios resulted in higher threshold harvest
rates, but lower threshold mature stock biomass ratios.
The median MSY-producing mature stock biomass
was closer to or above half of the virgin mature stock
biomass at more likelyr and mating ratio values
(Table 3.

4. Discussion

The Fmysy formula as a function oM established
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of feasible scenarios considered for the red king crab
stock.

Reasonably close estimatesffisy (equivalently
legal male harvest rate(Fysy)) and mature stock
biomass afusy(SSBFmsy)) for a stock would be
ideal to formulate an optimum harvesting strategy.
If an S—R relationship, growth increment, moulting
probability, natural mortality, handling mortality and
bycatch mortality were known, this could be achieved.
The exact S—R model could be used in the simulation
to determineE(Fpsy) and SSBEusy)/SSB(0) ratios.
The latter, along with an estimate of maximum SBB(
(or a median or a mean value from a certain number
of large SSBF) estimates) during a given environ-
mental period, could be used to estimate SQRB{).

in this paper was based on a general, age-specificHowever, most stocks lack necessary biological and

cohort growth (in weight) model incorporated into
an age-specific cohort survival modé@&dverton and
Holt, 1957. This equation was applicable to any fish-
eries resource and was applied to Bristol Bay red king

fisheries information to establish an S—R relationship.
This was the case for a number of crab stocks in the
BSAI. The best option under this circumstance was to
consider a few well-known S—R models with a narrow,

crabs with parameters estimated by the length-basedbut appropriate, variation in to obtain a plausible

method. The results suggestegsy to be higher than

M under a number of feasible conditions and less than
or equal toM for a few restricted conditions when the
mating ratio was 1:1 and thevalue was high.

A number of investigations based on teleost fish
population parameters concludéd to be an up-
per limit for Fysy (e.g., Deriso, 1982; Quinn and
Deriso, 1999. This was not the general case for the
red king crab stock. Differences in growth pattern
and mating behaviour and the single-sex exploitation
strategy have made crab stock dynamics quite differ-
ent from that of teleosts, and one should be cautious

range of shapes of S—R curves, to get a reasonably
narrow range ofE(Fmsy) and SSBFmsy)/SSB(0)
ratios. Thus, the length-based simulations considered
two well-known S—R models: Beverton and Holt,
and Ricker with ar range= 0.05-Q75 for investi-
gating the trends in log(Fmsy/M), E(Fusy), and
SSBFmsy)/SSB(0). A still narrower, but plausible,
range= 0.3-05 was considered to estimate narrow
ranges ofE(Fusy) and SSBEysy)/SSB(0) ratios. A
number of king crabs in the BSAI were in depressed
stock status for a long period of timADF&G, 2001)

and it is prudent to consider them to be less resilient

when selecting the same teleost-based BRP valuesto overexploitation. Thus, the choice of therange

to formulate crab-harvesting strategieBhompson
(1992) considering a family of dynamic pool models,
showed tha’lverson and Pereyra’s (1968)o rules

of thumb used in fisheries managemefifisy = M
and SSBFysy) = 0.5 SSBO0), could not be satisfied
simultaneously under certain S—-R and weight-at-age
relationships, and concluded th&sy could be
higher or lower tharM depending on the shape of
the S—-R curve. Most of his statement was valid for
the red king crab stock as well, except for the last
portion. It was not only the shape of S—R curves but
also the mating behaviour, which defines EBB(
and the growth pattern that changed thgsy to M
relation in the direction ofysy > M, for a number

of 0.3-0.5 was appropriate. Note that the lower limit,
0.3, was suggested as an appropriate default overfish-
ing threshold value for little-known stocks biylace

and Sissenwine (1993R\lthough ther range for ex-
ploration was directly borrowed from a teleost-type
modelling investigation byMace (1994) it covered

a reasonably wide range of steepness (and shape) of
the Beverton and Holt, and Ricker S—R curves that
could be expected in a crab S—R relationship.

The major feature of the BSAI crab-harvest strat-
egy was the formulation of a GHL. This was cal-
culated by multiplying the mature male biomass by
a predetermined harvest rat&rgse et al., 2000
Therefore E(Fumsy) (harvest rate) was a more useful
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parameter to focus on thafysy. According to the

Magnuson—Stevens Fishery Conservation and Man-

agement Act, theE(Fmsy) was a limit reference
point. Consequently, the selectdf{Fysy) ranges

should be treated as upper limits, and the target har-

vest rates should be set at lower levels to provide
a buffer against overshooting(Fyusy), perhaps at
75% of the E(Fmsy) when the stocks are near or
above the MSY-producing levels, and reduced fur-
ther by a proportion of current stock biomass over
MSY-producing stock biomass when they are below
MSY-producing levels Restrepo and Powers, 1999
This procedure was followed in some BSAI crab
rebuilding plans (e.g., snow crab rebuilding strategy
(Zheng et al., 2002. Note that the 25% reduction in
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50% cap on legal male harvest, and (4) a minimum of
1800t GHL for a fishery to open. The fishery will be
closed when the stock is below the thresholds, which
are set to prevent recruitment overfishing. The per-
centage harvest cap is set to prevent over harvesting of
legal males Rengilly and Schmidt, 1995The lower
harvest rate is set by the state following a simulation
study, which proposed a robust harvest strategy under
uncertainties of recruitment and high natural and han-
dling mortality that a combination of a 15% mature
male harvest rate, a 50% cap on legal male harvest,
and a threshold level of 11000t (25% of the pristine
effective (female) spawning stock biomass, an MSST
proxy) produced a high mean yield with low variabil-
ity while protecting crab reproductive potentiahieng

the harvest rate was sufficient or not dependent on aet al., 1997a However, the 11000t threshold level

number of factors, particularly on uncertainty in as-
sessmentRestrepo and Powers, 1999 he E(Fysy)
and SSBFusy)/SSB(0) varied with increasingu
and r at a given mating ratio at plausibldM and
BYM values for both types of S—R modelBigs. 4
and 7. Consequently, a narronrange was required to
estimate plausibl&(Fpysy) and SSBFvsy)/SSB(0)
ranges for a more likely set dfl, HM, BYM, and
mating ratio values.

The Bristol Bay red king crab fishery is coopera-

tively managed by the State of Alaska and the US Fed-

eral government to achieve two primary objectives: (1)

ensure adequate spawning biomass for sufficient re-

cruitment, and (2) achieve optimum yield over the long
term with minimum variability Zheng et al., 199%a

has not been used, instead the lower threshold value
of 6600t (~8.4 million mature females) is preferred.
The latter was determined, following Thompson'’s rule
(NPFMC, 1990; Thompson, 1983as 20% equilib-
rium spawning stock as estimated from the Ricker S—-R
model.

Additional management practices include sex—size—
season restrictions and effort limitation through ves-
sel registration, pot limits and other gear restrictions
(ADF&G, 1999. Some resultsTable 3 from the cur-
rent simulation analysis could favourably be compared
with Zheng et al.’s (1997a,bindings even though the
definitions of effective spawning stock biomass and
optimum biomass differed between the tweheng
et al. (1997b)used a general Ricker S—-R model and

Two sets of reference points, one by the Federal and their target biomass estimate was approximately 57%
the other by the state, are jointly used to manage the of the pristine biomass. In the current simulations, for
fishery to meet the objectives. The Federal reference possible ranges of values ©{0.05-0.75)M (0.2, 0.3,

points are: (1) an MSST threshold of 20300t below
which the stock is declared “overfished,” and (2) a
maximum harvest rate of 20% above which the stock

0.4),h (0, 0.2),BYM (0, 0.01), and mating ratio (1:1,
1:2, 1:3), the MSY-producing biomass varied from 27
to 89% of the pristine biomass with a median 51%

is declared “overfishing, whereas the state reference and the threshold legal male harvest rate at the time of

points, since 1996, are: (1) 8.4 millions of mature fe-

the fishery varied from 5 to 100% with a median 59%

males and 6600t of effective spawning stock biomass under the Ricker S—-R model assumption. The median
(of females) as thresholds, (2) 10% harvest rate when maximum target harvest rate of legal males at the time

the stock is above the thresholds, but the effective

of the fishery (75% of the threshold) was 44%. On

spawning stock biomass is below 25000t (the target the other hand, when plausible ranges of values of

stock rebuilding level, an intermediate level of biomass
above which strong recruitment occurred with a high
frequency in the pastzheng et al., 1997), or 15%

when the stock is above the thresholds and the effec-

(0.3-0.5),M (0.3), h (0.2) andBYM (0.01) were se-
lected, the MSY-producing biomass varied from 58 to
73% of the pristine biomass with a median 66% and
the threshold legal male harvest rate at the time of the

tive spawning stock biomass is above 25000t, (3) a fishery varied from 17 to 35% with a median 24% for
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a mating ratio of 1:1. The corresponding median max- only the growth increment was modelled stochas-
imum target harvest rate of legal males at the time of tically while the cohort decline model was treated
the fishery was 18%. For a higher mating ratio of 1:3, deterministically with constant mortality. To improve
the MSY-producing biomasses as a percentage of thethe methods presented in this paper, future research
pristine biomass were lower (with a median 46%) and could focus on adding stochastic components to the
the legal male harvest rates at the time of the fish- cohort decline part of the length-based models incor-
ery were higher (with a median 60%) for the same set porating size and shell age-specific mortality. In the
of other parameter valueJdble 3. Thus, although  meantime, adMace (1994)pointed out, the simple
Zheng et al.’s (1997a,lg)efinitions of effective spawn-  deterministic findings may be treated as the median
ing biomass and target optimum biomass were differ- or average of the stochastic results.

ent, their robust harvest strategy recommendation on

the mature male harvest rate at the survey time and the

rebuilding target biomass level was comparable to me- Acknowledgements

dian values estimated at the more conservative mating
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Besides examining th&ysy to M relationship,
this paper focused on developing methods to esti- Appendix A. Derivation of Fysy to M
mate currently identified BRPs for crab management, rgjationship?®
such asE(Fmsy) and SSBFyvsy), based on crab
biological and fisheries principles with the primary The following assumptions were made in the deriva-
purpose of utilising them for poorly understood tion:
stocks. Although other per-recruit-based BRPs, such
asF30o ssBr 10 Feow SSBR (Fosspris theF maintain-
ing the exploited spawning stock biomass-per-recruit
at a given percentage of the virgin spawning stock
biomass-per-recruit), with higher percentages corre-
sponding to stocks with less resilience to fishing or
environmental pressur®éstrepo and Powers, 1999 that age
or a traffic light approachGaddy, 2002 where a L .
basket of suitable threshold reference points is used 4. The stockiis in a steady state_determmed:bmd

) a whole or a constant proportion of the stock pro-

to detect the danger (or red light) zone by accumu- dUCES recruits
lating bad points when the BRP is infringed, might '

be equally good or better for crab management, this 1 the biomass B(F)) that producesR(F) is referred to as
paper did not attempt to identify them. Furthermore, ESB(F).

1. Constant instantaneous fishirk) &nd natural K1)
mortality over post-recruit ages.

2. Knife-edge selection occurs, once per year, at the
recruitment aget,, and the age-at-first-capture is
equal to the age-at-recruitment.

3. Weight at any ageyy, is invariant of the size at
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Following Francis (1974)and Thompson (1992) be expressed as
the numbersiN,(F), of individuals in a cohort at age

. e . . — @ MG—n)
for a given fishing mortality ratef;, can be written as  g(f,5y) = XB(0) = XR(O) wod-e )

M
N,(F) = R(F) e 2t—1) (A.1) (A.8)
the corresponding cohort biomas(F), can be writ- ~ FromEq. (A.6), it can also be written as
ten as By = RUMSHW(Fusy) (1 — e 7usr)
Bi(F) = w,R(F) e~ 207 (A2) MY Zusy

A9
The steady state stock numbelgF), during a year (A.9)

when the stock is exploited & is the sum of aver- ~ The following Fysy to M relationship can be estab-
age numbers of each age-class (cohort) in the stocklished fromEgs. (A.8) and (A.9)

exploited at the same fishing mortality rakg,during O
that year, which can be written as Fu W(Fsy) R(Fusy)(1—€~#Msv (1)) 1 m
XW(0) R(0)(1—e~MG—1))

a+1 A
v = YL MO aﬁl(j) Tk /t_ e 2= gy (A.10)
a=ty t=a -
(A.3)

Appendix B. Calculation steps to determine
effective spawning biomass-per-recruit (ESB/R)

The corresponding steady state stock biomgs), is for Bristol Bay red king crab

B(F)= E ) —R(F)/ w; €201 dy The following assumptions were made to simplify
a=tr Ji=a & 1=ir the derivation:

(A4) 1. Mortality takes place immediately after growth.

2. All female red king crab moult annually, but males
moult with a size-dependent moult probability.
3. Instantaneous natural mortalitl), and bycatch

The mean weight of individualdMF), in the steady
state stock exploited & in a given year is

B(F) R(F)le—z w, e 201 gy mortality, BYM, are constant and independent of
W(F) = = — size and sex.
N(F) R(F) [,_, e~ 2= 4. Instantaneous fishing mortality, is constant and
fo w, e~ 2=t gy independent of size.
z:zr 7 (A.5) 5. Instantaneous handling mortalityM, is constant

and independent of size.

Therefore, combining (A.4) and (A.5), the following 6. Recruits deterministically generated from S-R
relationship is obtained: models for per-recruit analysis have 1:1 sex ratio.
R(AW(F)(1 — g Z0-—)) _ Male pre-recruit 1 group cqnsisted of three
B(F) = 7 (A.6) size-classes! (= 1-3). The following models were
applied to these size intervals:

The virgin steady state stock bioma , is then

g y 8%0) e When/=1

R(OW(0)(1 — e~ M*=1))
B(0) = (A.7) N(@O)y,r+1=NO)y, (m; Py +1—my)

M
% e—(M+HM s+BYM (Bl)

The maximum sustainable yield (MSY) occurs at
a fraction, X, of the virgin stock biomass and the The above equation is based on a simple cohort
MSY-producing equilibrium biomas®8(Fusy), can decline formula N(0);;+1 = N(O)l,te—z with
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N(0),; adjusted (by the terms inside the brackets
immediately afterN(0); ) for proportion of crabs

in size-classl remaining in the same size class
as a result of moultingng), but with insufficient .
growth (P; ;) to move in to a higher size group, and
proportion of nonmoulting (% m;) crabs.

When/ =2 and 3

-1
NO)1+1= |:ZN(O)Z’,th’ Py .
=1
+NQ) (mPry+1—my)]

% e—(M+HM5+BY|VD (BZ)

The above equation is based a¥i(0); 41
N(0);, €% with N(0),.; comprised of two compo-
nents (the terms inside the square brackets): (1)
sum of numbers of crabs at lower size-clasd6s (
that enter the size-cladsas a result of moulting
(my) and growing @y ;); and (2) number of crabs
remaining in the same size-clabss a result of
moulting (), but with insufficient growth®; ;) to
move in to a higher size group, and nonmoulting
(1 — m;) number of crabsEgs. (B.3) and (B.4¢an

be explained in a similar way.

Male recruit and post-recruit groups comprised
of seven length intervalg & 4-10). The following
models were applied to these size intervals:
Whentr+1=1

3
NO) 141 = ZN(O),,’tml, Py e (M+HMO+BYM
r=1
(B.3)

Whent +1> 2

3
N(F)it+1= ZN(O)J',zmz/ Py g (M+HMS+BYM)
=1

-1
+ |:ZN(F)1’,Im1’ P

=4
+ Ny (mi P+ 1— mz)]

% e—(M+F+BYM) (B4)
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Female class 1 and class 2 groups comprised of
two and eight size intervals, respectively. The cor-
responding models for these size intervals are:
Whent+1=1

2
NO)iv1 =Y Ny Py e MHHVIHEYM
=1
(B.5)

Whent +1> 2

I
NO)+1= ZN(O),,JPI,J o (M+HM5+BYM)
r=1
(B.6)

Egs. (B.5) and (B.6are also based oN(0); ;+1 =
N(0);,, &% with N(0);, equals to the sum of num-
bers of crabs at lower size-classE} that enter the
size-clasg as a result of annual growtlPf ;) with
a moulting probability of 1.

TheHM was defined as a function &f ignoring
M andBYM as follows:

1—e™=3Jp1—-e")

Note that the term 1/2 enters the above formula be-
cause sublegal males and females catchability was
assumed to be 1/2 of that of legal males (see text).

Therefore

1 h
HM=—-ZIn({1-z@1—-¢€e"F) (B.7)
) 2
The Py ; was determined as follows.

Annual growth incrementxj of crab was as-
sumed to have a normal distribution with a mean
growth increment and a standard deviatianThen

fllffﬂ e (—D?/25 4.
1

-1y

S e T

1—-T

PI’,Z =

(B.8)

The male moult probabilityyy, in length-class was
estimated using the logistic function:

1

1— — =
1+ gedCt

(B.9)

The average spawning biomass was calculated in
two steps. First, the average mature abundance in
numbers for a given male to female mating ratio
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was estimated. Second, the effective average stock
biomass was calculated in proportion to this abun-
dance. Thus, the average male stock abundance in
number (MSSNF)) for a givenF at timer + 1 was
computed using the following steps:

Whent+1=1

1 — g (M+HMS+BYM
M +HMé§ 4+ BYM

3
N©)y1=Y NOy,
I'=1

(B.10)
Whent +1> 2
3
B 1 — e~ (M+HM5+BYM)
N = N,
(Frs1 IX_; O AMs + BYM
10
1 — e (M+F+BYM
N(F), B.11
+IZ_;1 B Frewm G

and the sum of average mature male abundances in
number over the reproductive ages was estimated by

A
MSSN(F) = Y "N(F)i11

t=t

(B.12)

The average female stock abundance in number
(FSSN(0)) for a zerd- (since females are not al-
lowed to retain as catch) at time- 1 was computed
using the following formulas:

Whent+1=1 b

1 — e~ (M+HM5+BYM)

2
N@©);11= ) N©O),
Os1= Y NO, = eo

I'=1

(B.13)
Whent +1> 2
10
B 1 — e~ (M+HMS+BYM N
N(O = N,
Or-1 2 O AMs + BYM
(B.14)

and the sum of average mature female abundances
in number over the reproductive ages was estimated

by

A
FSSNO) = ) N (0)11

1=ty

(B.15)
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Note that the male pre-recruit 1 and female class 1
entry agef;, was equivalent to the initial maturity
age and, was arbitrarily set at 0 (se®ection 3.

The mating ratio (the number of females that a
male can mate during a spawning period) was ap-
plied to adjust the average spawning stock abun-
dances to determine effective total spawning stock
biomass (ESHY)) corresponding to a fishing mor-
tality F.

For example, if one male mates with three fe-
males during the breeding period, the effective
spawning abundance for each sex was estimated as
follows:

1. If FSSNO) < MSSN(F), then male effective
spawning abundance was set at FSSN(0)/3,
and the corresponding female value was set at
FSSN(0).

2. If FSSNO) > MSSN(F), but(3MSSNF)) >
FSSNO), then male effective spawning abun-
dance was set at FSSN(0)/3 and the corre-
sponding female estimate was set at FSSN(0).

3. IFFSSNO) > MSSN(F), but(3MSSNF)) <
FSSNO), then male effective spawning abun-
dance was set at MSSN(F) and the correspond-
ing female value was set at 3 MSSN(

The effective spawning biomass for male
(MSSB()) was estimated by the following formu-
las:

Whenr+1=1

3 1_ g (M+HW 8+BYIVDj|

B0 = NO)y Wy
(0)r41 L; vy

effective MSSNF)

MSSNG) (B.16)

Whenr+1> 2

_ e*(M‘l’HM s+BYM

M+ HMé§+ BYM

3
B(F)i41= {ZN(O)II,,WW

I'=1

10
1 — e~ (M+F+BYM
Ni Wy
+1,z_;1 B W= T BYM

effective MSSNF)
X MSSNG) (B.17)




450

A
MSSB(F) = _B(F)i+1

t=tr

(B.18)
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ADF&G, 2001. Annual management report for the shellfish
fisheries of the westward region, 2000. Regional Information
Report 4K01-45. Alaska Department of Fish and Game,
Division of Commercial Fisheries, Kodiak, Alaska.

The corresponding equations for female effective Alverson, D.L., 1980. An analysis of size limitation for the Alaska

spawning biomass (FSSB(0)) are:
e Whentr+1=1

_ e (M+HM5+BYM)

M +HMé+ BYM

2
BO)i11=| > Ny, Wy

I'=1
effective FSS
") (B.19)
FSSNO)
e Whentr+1>2
10 —(M+HM 5+BYM)
_ —€e
B(0);41 = N©O)y Wy
)41 12 O Wi = v
effective FSSNO) (8.20)
FSSNO)
A
FSSBO) = > B(0)41 (B.21)
=ty
where, followingBeyer (1987)
Wi 1 a
"7\ Clup— Cliow/ \b+1
x (CLyT = cLpth (B.22)
W =aCL? (B.23)

The combined effective total spawning stock
biomass-per-recruit ((ESBJr) was determined by

ESB\ _ MSSB(F) + FSSRO)
(), -

(B.24)

whereR (number of pre-recruit 1 males plus class
1 females) was fixed at 2000.
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